The kinetic fractionation model for hydrogen isotope fractionation for methane, ethane and propane formation is tested in this study. The model agrees very well with the current existing model of carbon isotope fractionation for coal-derived gas from the Kuqa depression, Tarim basin, China. The strong correlation of carbon and hydrogen isotopes between theory and field data proves that it is unlikely that hydrogen isotopes will exchange with water under the gas formation condition. Using both gas carbon and hydrogen isotopes can further constrain our prediction of gas maturity, formation age and accumulation patterns for a natural gas system. Based on the carbon and hydrogen isotope fractionation model and field data, our results show the gas in the Kuqa depression was overmature in the central depression with R o values up to 1.9-2.0% in the Kela 2 gas field and the gas maturity was much lower in the southern Front Uplift with R o values ranging from 1.3% to 1.7%, which agree well with the distribution characteristics of the maturity of the local source rocks. However, the predicted gas maturity in the Front Uplift was relatively higher than that of the local source rocks, which probably indicates natural gases in the Front Uplift were migrated from the central depression. Our prediction demonstrates that natural gases in the Kuqa depression were formed during the last 3-5 million years and the gas formation temperature was 170-200°C, which is consistent with the burial history of the depression. According to our results, the potential accumulation pattern for the gas in the Kuqa depression is that gases were formed at depth and expelled from the Kuqa depression and migrated vertically along faults to some traps and formed giant gas fields, or migrated from north to south and accumulated in the Front Uplift or mixed with previous oil fields and formed condensate oil gas fields.
INTRODUCTION
Hydrogen isotope (D/H) ratios of bulk organic hydrogen are a useful diagnostic tool in fossil fuel research (Li et al., 2001; Santos Neto and Hayes, 1999; Schoell, 1983 Schoell, , 1984 Smith et al., 1982 Smith et al., , 1983 Whiticar, 1999) . However, considering the low natural abundance of deuterium (D, 0.0155%) which is approximately two orders of magnitude less compared to the 13 C in carbon, accurate measurement of δD values of organic matter in geological samples is quite difficult. Recent developments in the capability of measuring δD values of individual compounds in complex mixtures (Burgoyne and Hayes, 1998; Hilkert et al., 1999; Li et al., 2001; Sessions et al., 1999) have made such analyses more accessible and powerful for use in petroleum and natural gas research. A number of studies have documented the use of δD values of n-alkane and isoprenoids in petroleum research (Dawson et al., 2005 (Dawson et al., , 2007 Li et al., 2001; Lis et al., 2006; Liu et al., 2006; Radke et al., 2005; Schimmelmann et al., 1999 Schimmelmann et al., , 2001 Sessions et al., 2004) .
For a better use of the compound-specific D/H values in petroleum geochemical studies, it requires an understanding of the relative significance of the various factors that influence isotopic composition. Previous studies found that hydrogen isotopic compositions of thermogenic gases are dependent on the maturity of source rocks and the deuterium concentrations are only related to the maturity of the source organic matters but not the type of source organic matter (Schoell, 1980) . Studies on coalderived and oil-derived thermogenic methane found that δD values of methane increased with maturity (Clayton, 2003) . Tang et al. (2005) proposed a quantitative kinetic model to simulate the D and 13 C isotope variations observed in individual n-alkanes (C 13 -C 21 ) during artificial maturation of a North Sea crude oil under anhydrous, closed-system conditions. They demonstrated that relative to the unheated oil, average δD values and δ 13 C values of the remaining C 13 -C 21 n-alkanes increase by ∼50‰ and ∼4‰, respectively at 445°C to an equivalent vitrinite reflectance value of 1.5% and thermally induced D-enrichment increases with increasing chain length. Quantum mechanical calculations stated that the enthalpy term associated with hydrogen isotope fractionation is approximately six times greater than that for carbon, and indicated that compound-specific hydrogen isotope data provide a highly sensitive measure of the extent of thermal alteration. Ni et al. (2011) developed a quantitative kinetic hydrogen isotope fractionation model based on quantum chemistry calculations of normal alkane homolytic bond rupture. They performed a comparison of the calculated gas maturity based on the hydrogen and the carbon isotopic compositions of methane, ethane and propane, thus provided a preliminary estimate of the utility of kinetic isotope effect modelling of D/H ratios for prediction of gas-source thermal maturity. This is because, if hydrogen exchange between hydrocarbons and water is significant under geologic conditions where natural gas forms, then one would not expect there to be a good correlation between thermal maturity predictions based on the carbon and hydrogen isotopic compositions of the hydrocarbons. They found that comparison of kinetic isotope fractionation model predictions of the maturity of thermogenic gases from various locations in the world demonstrated generally good agreement between carbon and hydrogen isotope-based results. This implies that hydrogen isotopic fractionations related to thermal maturation in natural gas systems can be observed and modelled.
The Kuqa depression is located south to the Tianshan Mountain in the northern Tarim Basin, NW China with an area of ∼28,000 km 2 (Fig. 1) . Since 1993, a number of giant gas fields such as Kela 2, DN 2, and Yaha have been found in the Cretaceous and Tertiary formations, which have made the Tarim basin as one of the most important basins enriched in gas resources in China. It also provides a sound basis for the National "West-East Gas" project in China. A series of studies have been carried out in the Kuqa depression about the gas maturity, formation age and the gas charging history. However, no consensus on the gas charging history has yet to be reached. Liang et al. (2003a) suggested that gases in the Kuqa depression was generated in the Baicheng sag and migrated and accumulated in the Southern Front Uplift, while Wang et al. (2009) proposed that natural gases in the southern Front Uplift was in-situ generated and accumulated.
The aim of the present study is to use hydrogen and carbon isotopes to quantify gas maturity, formation temperature and formation age, in particularly, extrapolate both hydrogen and carbon kinetic models to the geological conditions. The main objective is to examine whether the hydrogen isotope kinetic models can be used to predict gas maturity and gas formation temperature. The combined use of both carbon and hydrogen isotope kinetic models should then be of high value in providing information on gas generation, migration and reservoir charging histories. Specific application was taken in the Kuqa depression. The results obtained from this work provide an initial estimate of the geological application of gas hydrogen isotope based on the theoretical modelling on both carbon and hydrogen isotope fractionation. This will help to improve our level of understanding of the importance of essential controls on isotope variability and our future interpretation of hydrogen stable isotopic composition of alkanes in natural gas research.
GEOLOGICAL SETTING
The Kuqa depression consists of three sags such as Yangxia, Baicheng and Wushi from east to west. According to the study by Jia et al. (2002) , Kuqa depression experienced a foreland basin from Late Permian to Triassic, a continental depression in Jurassic and a rejuvenated foreland basin from Cretaceous to Quaternary. The depression underwent three depositional evolution cycles (Zhao et al., 2005a) . The first depositional cycle comprises the Middle Triassic Kelamayi Formation (T 2 k), the Upper Triassic Huangshanjie (T 3 h) and Taliqike formations (T 3 t) (Fig. 2) . During this period, the depositional environments shifted from shallow-semideep-deep lake to transitional swamp-lacustrine settings. The second depositional cycle consists of the Jurassic Yangxia (J 1 y) and Kezilenuer formations (J 2 k) (Fig. 2) . During this period, sediments were deposited in alternate deltaic-swamp and lacustrine settings. The third depositional cycle contains the Middle Jurassic Qiakemake Formation (J 2 q) ( Fig. 2) , whereby the climate changed from warm/humid to hot/dry and the structure shifted from rift to depression. The Kuqa depression consists of three structural belts: the Kelasu-Yiqikelik belt in the north dominated by gas pools; the Qiulitage belt in the middle with both oil and gas pools; and the Front Uplift in the south characterized by gas condensate pools with some black oils ( Fig. 1) (Liang et al., 2003b; Liu et al., 2007) . In the depression, it developed complete Mesozoic-Cenozoic non-marine sedimentary strata with thickness up to 12 km. Potential source rocks in the Kuqa depression consist of Triassic lacustrine mudstones and Middle-Lower Jurassic coal measures deposited in the lacustrine-swamp environment. They are widely distributed in the depression with large thickness (up to 800 m) and contain mainly of type III organic matters, while Type I and II organic matter occurs only in the Middle Jurassic Qiakemake Formation (J 2 q) ( Fig. 3) (He et al., 2002; Liang et al., 2003a,b; Song et al., 2002; Zhang, 2002 ). δ 13 C values mainly range from −22‰ to −26‰ for the Jurrasic source rocks and from −23‰ to −26‰ for the Triassic source rocks (Fig. 4) (Liang et al., 2003a) . The coal beds are mainly distributed in the Jurassic strata and their thickness normally ranges from 6 m to 29 m (Liang et al., 2003b; Qin et al., 2007) . The Middle-Lower Jurassic coal measure source rocks were deposited overlapping on the Triassic lacustrine mudstones and thus more extensively distributed (Liang et al., 2003b) . Generally, the Middle-Lower Jurassic coal measures are much thicker and more enriched in organic matters (Liang et al., 2003a; Wang et al., 2005b) . Laboratory pyrolysis and kinetic modelling studies also found that the Middle-Lower Jurassic coal measures are relatively more gas productive (Table 1 ) . Thus the Middle-Lower Jurassic coal measures have been considered to be the main source rocks in the Kuqa (Liang et al., 2003a) .
depression and have more contribution to the gas reserves (Liang et al., 2003a; Qin et al., 2007; Wang et al., 2005b) . Most of the Jurassic and Triassic source rocks are mature to over-mature and the vitrinite reflectance values (R o ,%) are generally more than 0.6%. In general, source rocks in the west have higher thermal maturity than those (Liang et al., 2003a) .
in the east, and those in the central part have higher thermal maturity than those in the north and south margins (Qin et al., 2007; Wang et al., 1999; Zhao, 2003; Zhao et al., 2005a) .
SAMPLES AND METHODS

Samples
Both hydrogen and carbon isotopic data of the gas samples from the Kuqa depression in the northern Tarim Basin were after Liu et al. (2007) . A full description of the samples and analytical methods can be found in Liu et al. (2007) . Briefly, samples were collected by a 10 cm radius double-collecting stainless steel bottle (about 1 L) with the maximum pressure of 22.5 MPa. Both stable carbon and hydrogen isotopes were measured in the Laboratory of Organic Geochemistry, Natural Gas Institute, Langfang Branch of the Research Institute of Petroleum Exploration and Development, PetroChina. Carbon isotopes were measured with a Finnigan MAT-252 mass spectrometer and hydrogen isotopes were carried out with Delta plus XP mass spectrometer (GC/TC/IRMS). The analytical error is 0.3 ‰ for stable carbon isotopes and 3‰ for hydrogen isotopes. Each gas sample has been measured three times and the results were averaged.
Kinetic hydrogen isotope fractionation
Methodology combining quantum chemistry calculations and experimental pyrolytic data to estimate the stable carbon isotopic fractionation in hydrocarbon gases has been established by Tang et al. (1996; 2000, and . A large variety of model compounds have been calculated to obtain the entropic (A f */A f ) and enthalpic (∆Ea) terms associated with the carbon isotopic difference. The calculated ∆Ea varies between 0 and 60 cal/mol; and A f */A f is in the range of 1.00 to 1.04 (Tang et al., 2000) . However, using the Arrhenius Equation to calculate the 13 C and D isotopic fractionations, one needs to re-examine the approximation to use Gibbs' energies of two radicals to estimate the transition state energy although the energy difference between the transition state and the well-separated two-radical configuration is relatively small in comparison with the overall activation energy. Ni et al. (2011) found that the potential energy difference between the transition state and the final product associated with the D-isotope case is significant and the approach of approximating two-radical energies for the transition barrier is no longer valid. According to the fitting results of 13 C and D-isotopic fractionation changes during the C-C bond cleavage of ethane, they found that the 13 C isotopic fractionation has ∆Ea = 45.4 cal/mol and A f */A f = 1.02, while D isotopic fractionation has ∆Ea = 318.6 cal/mol and A f */A f = 1.07.
Since the gases are most likely coming from a coaly source, here we have used default type III kerogen kinetics provided by GOR-Isotope program (A commercial software provided by GeoIsoChem Inc). The fractionation constant for carbon is using default Type III kerogen provided by GOR-Isotope. The carbon isotope fractionation ratios (∆∆E) for methane, ethane and propane are 45.4 cal/mol, 37.6 cal/mol and 34.7 cal/mol, respectively, and a frequency factor ratio of 1.02 is used (Tang et al., 2000) . The hydrogen isotope fractionation ratios (∆∆E) for methane, ethane and propane are 318.6 cal/mol, 281.7 cal/mol and 280.2 cal/mol respectively, and the frequency factor ratio is 1.07 (Ni et al., 2011) . Unlike the default isotope fractionation for carbon, we assume that the hydrogen isotope fractionation (∆∆E) does not change with the activation energy.
RESULTS AND DISCUSSION
4.1. Predicted gas maturity, formation age and formation temperature Natural gas accumulation under geological conditions can be understood to occur via two distinct modes: (1) gases that are geochemically representative of all of the gas generated throughout the entire thermal maturation of the source material, which is referred to as "cumulative" gas generation; and (2) gases that represent a finite time interval that is shorter than the cumulative generation duration, which is termed "instantaneous" gas generation (Tang et al., 2000) . It should be noted that the term "instantaneous" as applied here does not signify gases generated in an instant, and in fact the time interval could easily span millions of years. Our model calculations use a time interval of 0.1 million year to determine "instantaneous" gas generation due to very fast recent heating event. Based on the geothermal gradient (Table 2) , we can cross plot the gas isotope from calculated value versus field data.
To calculate gas maturity, formation age and formation temperature based on both hydrogen and carbon kinetic isotopic models, first of all one need specify the gas charging model. Figure 5 shows a cross plot of the gas isotope from the calculated carbon isotopic values versus all the available laboratory measured stable carbon isotopic values of gas samples from the Kuqa depression based on both instantaneous and cumulative patterns. One can see clearly the gas charging model is more toward instantaneous pattern. To have a further check, we plotted the calculated isotopic values versus both hydrogen and carbon isotopes of gas samples in both cumulative and instantaneous patterns (Figs. 6 and 7) . It clearly supports the above points.
Based on an instantaneous model, one can calculate gas maturity, formation age and formation temperature based on both hydrogen and carbon kinetic isotopic models (Table 3) . As indicated by Ni et al. (2011) , methane isotopic values were more susceptible to alteration by mixing with microbial gas and propane was more vulnerable to hydrogen exchange with water or analytical inaccuracies, all the calculations were performed according to the hydrogen and carbon isotopes of ethane. Calculated R o is based on the model developed by Sweeny and Burnham (1990) . As shown in Figure 8 , except gases from Kela 2 gas field, both hydrogen and carbon isotopic models give similar results (only 0.2 R o % value differences). For the gases from Kela 2 gas field, the calculated R o values based on the hydrogen isotopes are around 0.4% lower than those based on the carbon isotopes. However, if we calculated the R o values based on the hydrogen isotopes of methane for Kela 2 gas field, good agreement was obtained between the hydrogen and carbon isotopic models (Table 3) . One potential cause for this might be inaccurate measurements of the hydrogen isotopes of the ethane. Take the R o predictions based on the hydrogen isotopes of methane, it is extremely interesting that good agreements were achieved between the carbon and hydrogen kinetic isotope models for both high and low calculated R o values. The fact of both carbon and hydrogen kinetic isotope models giving such close agreement clearly demonstrates that it is very unlikely water participates the reaction of hydrocarbon gas formation from the source rock maturation process.
Both models give highest thermal maturity in the Kela 2 gas field in the central depression (Baicheng Sag) with R o values up to 1.8%, indicating natural gases in the Kelasu structural belt are overmature. The modern R o values of the Jurassic source rocks are 2.1 ∼ 2.5% in the Baicheng sag (Liang et al., 2003a; Qin et al., 2007; Wang et al., 2005a) . The lower maturity of the R o predicted based on GOR isotope program (Fig. 9) . The predicted R o based on Cameo Coal is much lower than actually −100 −50 0 Delta DC 3-cum, delta DC1-cum( ), dD1, dD3 dC3 vs dC2 dC1 vs dC2 Delta DC1-cum vs delta DC2-cum Delta DC3-cum vs delta DC2-cum Delta DC1-cum Delta DC3-cum Delta 13 C1-cum Delta 13 C3-cum 0.2 0.8 1.3 1.9 2.5 3.0 3.6 %R0 0.2 0.8 1.3 1.9 2.5 3.0 3.6 %R0 Figure 7 . Plot of calculated isotope values based on the carbon (a) and hydrogen (b) kinetic isotopic models versus field data in cumulative mode. Field data of both hydrogen and carbon isotopes fall on the far end of the prediction line with very high R o values, and some of the field data of carbon isotopes are even beyond the reach of the prediction. This is not consistent with the geological setting that modern R o values of the Jurassic source rocks are 2.1 ∼ 2.5% in the Baicheng sag and much lower in the Front Uplift. All the default predictions were made based on the hydrogen and carbon isotopes of ethane. The hydrogen and carbon kinetic isotopic models used were described in the text, except that the individual gamma values used for the carbon isotopic model were observed R o from coal. Such differnece can easily explain the predicted lower maturity in the Kela 2 gas field. In consistent with previous studies (Liu et al., 2008; Wang et al., 1999) , both carbon and hydrogen models show relatively much lower gas maturity in the Front Uplift compared to the Kelasu structural belt. However, our predicted gas maturity in the Front Uplift (1.2 ∼ 1.5 R o %) is slightly higher than the thermal maturity of the local source rocks (0.8 ∼ 1.0 R o %; Wang et al., 1999) . Such apparent offset is probably due to the method used by Wang et al. (1999) whereby the thermal maturity of the source rocks in the Front Uplift was estimated according to the relationship between the vitrinite reflectance values and burial depths obtained from two wells in the Yangxia Sag. Great errors might occur when extrapolated to areas with complicated geological conditions. However, another potential mechanism could be that natural gases in the Front Uplift were originated from the Kuqa depression. Gases were expelled from the Kuqa depression and migrated from north to south and accumulated in the Front Uplift. to the hydrogen and carbon isotopes of ethane (bold diamonds), most of which fell in the range of ± 0.1 of the 1:1 line and nearly all of them fell in the range of ± 0.2 of the 1:1 line. For gases from Kela 2, the R o prediction based on hydrogen isotope of ethane (red diamonds) is significantly lower than that of the carbon isotope, however, the R o prediction based on hydrogen isotope of methane (red triangles) is only around 0.1% lower than those based on the carbon isotopes of the ethane.
The predicted gas generation age has quite good agreement between the hydrogen and carbon kinetic isotopic models (Fig. 10a ). The carbon model gave a gas generation age of 2.8 ∼ 2.9 Myr for the Kela 2 gas field and 4.3 ∼ 7.3 Myr for the Front Uplift, and the gas generation age predicted by the hydrogen model was 3.3 ∼ 3.4 Myr for the Kela 2 gas field and 4.3 ∼ 6.7 Myrs for the Front Uplift. The largest difference of the predicted gas generation age is 2.0 Myr between the carbon 288 Using carbon and hydrogen isotopes to quantify gas maturity, formation temperature, and formation age -specific applications for gas fields from the Tarim according to the hydrogen and carbon isotopes of ethane except Kela 2 for which hydrogen isotope of methane was used as well. and hydrogen models. As shown in Figure 10a , most of the predicted ages fall in the range of ±1 Myr of the 1:1 line. The age prediction based on the hydrogen isotopes of ethane of Kela 2 also show relatively larger offset compared to that of methane. In general, both carbon and hydrogen models demonstrate that natural gases in the Kuqa depression were mainly formed during the last ten million years, which is in consistent with the previous studies (Li, 1999; Li et al., 2005; Zhao, 2003; Zhou et al., 2002) . The predicted gas generation temperature was 203.2 ∼ 204. 4°C and 197.4 ∼ 198.6°C for Kela 2 gas field based on the carbon and hydrogen isotopic models, respectively (Table 3 ). Both models gave relatively lower gas generation temperature in the other areas, for example, in the Front Uplift the gas generation temperature was 163.9 ∼ 185.9°C and 166.8 ∼ 185.7°C according to the carbon and hydrogen isotopic models, respectively. The gas generation temperature is reasonable regarding that most gases are formed between 150 and 220°C (Quigley and Mackenzie, 1988) . The predicted gas generation temperatures agree well between the hydrogen and carbon kinetic isotopic models (Fig. 10b) . As shown in Figure 8c , most of the predicted values fall in the range of ±10°C of the 1:1 line.
Estimates of gas generation, migration and entrapment
According to the predicted values, gas generation and entrapment in the Kuqa depression were expected to occur mainly during the last 5 million years. This is consistent with previous studies on the geothermal and burial histories in this depression (Liang et al., 2003a; Wang et al., 2005a) . In general, the geothermal gradient has been decreasing since Mesozoic. It was 2.9 ∼ 3.2°C/100 m in Mesozoic, 2.8 ∼ 2.9°C/100 m in Paleogene and 2.5 ∼ 2.8°C/100 m since Neogene (Liang et al., 2003a) . Sedimentation rate of the Kuqa depression was low in Mesozoic and the thickness of Mesozoic strata is around 3200 m, consequently the Triassic and Jurassic source rocks were at low maturity level before Paleogene with a R o of less than 0.7%. However, since Paleogene (∼23 Myr) great subsidence has taken place in the Kuqa depression, e.g., more than 5000 m Neogene sediments have been deposited in the Baicheng sag and among them over 3500 m sediments have been deposited since Pliocene (5 Myr) (Zhao et al., 2005b) . Hence, the bottom of Jurassic was quickly buried to a depth of 9500 m and the bottom of Triassic to more than 10000 m. Vitrinite reflectance of the bottom of Jurassic increased from 1.0% to 1.3%, then 2.0% and finally reached 2.5%, especially during the last 5 Myr, R o suddenly increases from 1.5% to 2.5%. The rapid subsidence of Kuqa depression since late Tertiary results in the sharp increase of the source rock maturities and late dry gas generation of the Jurassic hydrocarbon source rocks (< 2.5 Myr). As shown in Table 3 , both hydrogen and carbon isotopic models give a gas formation age of ∼3 Myr for the natural gases from Kela 2 gas field, which agree well with the local geothermal and burial histories.
Possible gas migration and entrapment histories in the Kuqa depression could be as followings: During the last 5 Myrs, thrust nappe structures such as Kelasu, Yiqikelike, Qiulitage and so on were formed due to the continuous southward extension of the Tianshan mountain. During this period, the Jurassic hydrocarbon source rocks reached the peak stage of dry gas generation. According to the predicted gas formation temperature (∼200°C) and the low geothermal gradient since Neogene (2.5 ∼ 2.8°C/100 m), natural gases in the Kuqa depression were formed at a depth approximately 6000 m. These gases were expelled from the Kuqa depression and migrated from north to south and accumulated in the Front Uplift or mixed with previous oil fields and formed condensate oil gas fields like Yaha, Hongqi and Yingmai gas fields. In the hydrocarbon generation depression, gases migrated vertically along faults to some traps and formed giant gas fields such as Kela 2 gas field (Lü et al., 2004; Zhao et al., 2005c) . Faults played a significant role during the gas migration and entrapment in the Kuqa depression. They served as primary parthways for the vertical and lateral gas migration. Vertically, gas migration only reaches the strata that are cut by the faults, and the more strata cut by the faults, the more gas accumulation layers (Jia, 1997) .
CONCLUSIONS
The application of the kinetic model for hydrogen isotope fractionation with default carbon isotope fraction for a type III kerogene from commercial GOR Isotope program to a coal-derived gas from the Kuqa depression, Tarim Basin NW China demonstrates a strong correlation of field gas maturity and gas formation temperature derived from both carbon and hydrogen isotope data. Such good agreements suggest it is very unlikely for water participating gas formation reaction. The application of the hydrogen isotope kinetic model in the Kuqa depression suggests that natural gases in the Kuqa depression were mainly formed during the last 3−5 million years and the gas maturity was high in the central depression and low in the southern Front Uplift, which agree well with previous studies.
The significance of such quantitative kinetic modeling is illustrated by the direct field analysis based on the quantitative hydrogen isotope fractionation from theoretical modeling. For a specific temperature history, the isotope data of natural gases can be used to estimate the gas maturity, formation age and trap charging histories with the fitted model.
